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Abstract

Aim

Formulation of Pomegranate Extracts (PE)-loaded sphingosomes as an antitumor therapy
for the intravenous and passive targeted delivery to various tumor types, especially that of
the breast, colon, and uterus; to increase the therapeutic activity and decrease the adverse
effects profile.

Methods

The pericarp and seeds’ juice of Punica granatum were each extracted using D.W. and eth-
anol. Phytochemical investigation of all extracts was carried out including total phenolics, fla-
vonoids, and anthocyanins contents, the antioxidant activity, as well as HPLC analysis of
phenolics and flavonoids. The antitumor potential of all extracts was also tested utilizing
three cell lines: MCF-7, HelLa, and HCT116. The candidate extract was chosen for the for-
mulation phase and was entrapped into the sphingosomes using the thin-film hydration
method and employing three different PE: lipids weight ratios. The synthesized formulations
were characterized for their size, morphological features, zeta potential, entrapment effi-
ciency, and in vitro drug release and kinetics modeling studies. The optimized formula was
further analyzed by FTIR spectroscopy and electron microscopy. The antitumor activity of
F2 was also investigated using the same cancer cell lines compared to the plant extract.

Results

The highest phenolics, flavonoids, and anthocyanins contents were observed in the ethano-
lic pericarps extract (EPE), followed by the ethanolic seeds extract (ESE). Consequently,
EPE showed a higher antitumor activity hence it was selected for the formulation phase.
PE-loaded sphingosomes formula (F2) was selected for having the highest EE% (71.64%),
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and a sustained release profile with the highest in vitro release (42.5+9.44%). By employing
the DDSolver, the Weibull model was found the most suitable to describe the PE release
kinetics compared to other models. The release mechanism was found to follow Fickian dif-
fusion. Simulated pharmacokinetic parameters have portrayed F2 as the candidate formula,
with the highest AUC (536.095) and slowest MDT (0.642 h). In addition, F2 exhibited a sig-
nificant (p>0.05) stronger and prolonged anticancer effect against MCF-7, HelLa, and
HCT116 cell lines at all concentrations tested compared to the free extract.

Conclusion

The results proved that sphingosomes are an effective delivery system, improving pharma-
cological efficacy and reducing serious side effects of anticancer medications and natural
products.

1. Introduction

Pomegranate (Punica granatum L.) is a high-nutrient, phytochemical-rich fruit belonging to
the family Lythraceae. The majority of it is grown in the Middle East, Asia, India, North and
Tropical Africa, and Latin America [1]. In recent years, pomegranate research has gained the
attention of researchers due to its nutritional value and therapeutic potential. There have been
several studies that highlighted the functional properties of pomegranate and its extracts [2].
The main phytochemicals behind such activities are thought to be flavonoids, phenolic acids,
antioxidants, and anthocyanins, which exist in all parts of the fruit, including the peel, arils,
and seeds [3]. The chemical structure of these phytochemicals is presented in Fig 1.

According to the literature, the aforementioned phytochemical compounds can function as
potent antioxidants, anticarcinogenic, antimutagenic, anti-diabetic, anti-ulcer, and anti-
microbial agents [4]. They are also capable of preventing the onset and progression of a wide
range of noncommunicable diseases, including cardiovascular, metabolic, and neurodegenera-
tive diseases, as well as certain types of cancer [5]. Studies have demonstrated an enhanced
function when using different pomegranate extracts concomitantly, especially in suppressing
cell growth in multiple in vitro models, including uterine HeLa, human prostate DU145,
human breast MCF-7, and PC-3 cancer cell lines. This was attributed to the active compounds
in pomegranate extracts having an additive and synergistic effect, making them more powerful
than any of these components alone [6].

On the other hand, the development of novel drug delivery systems has received a lot of
attention over the past few decades Such systems have the advantage of releasing APIs at a pre-
determined rate throughout treatment, as well as selectively targeting the release to diseased
tissues or organs, thereby minimizing adverse effects [7]. Various innovative pharmaceutical
carriers are presented for modifying drug release and targeting. These include micro/macro
molecules, particulate systems, and polymeric micelles, to list some [8]. Vesicular drug delivery
systems (VDDSs), among these, are widely well-known such as liposomes, niosomes, trans-
ferosomes, phytosomes, and sphingosomes. They have the additive advantage of enhancing
the therapeutic window, stability, and solubility of drug molecules [9].

Sphingosomes are amphiphilic concentric vesicular delivery systems formed of a sphingoli-
pid bilayer enclosing an aqueous volume and having an acidic internal pH [10]. These vesicles
are made up of sphingolipid (SL) and cholesterol (Chol) that occur in a proportion range of
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Fig 1. Basic chemical structures of A) Phenolic acids; B) Flavonoids; and C) Anthocyanins.

https://doi.org/10.1371/journal.pone.0293115.9001

75:25 to 30:50 molar ratios, with a 55:45 SL/Chol being the most desirable [9]. Several character-
istics set sphingosomes apart from phospholipid-based VDDSs, making them more favorable.
In terms of stability, the amide and ether links in the sphingosomes’ backbone make them more
resistant to hydrolysis [11], and they are also less susceptible to rancidity and aggregation [12].
Moreover, sphingosomes are characterized by a longer biological half-life owing to the large
hydrophilic group that shields their surface’s negative charge and limits RES clearance. As a
result, the concentration of the loaded therapeutic agent increases at the site of action. Addition-
ally, the enhanced stability and efficiency of these vesicles and their nanosize have allowed for
their use in targeted drug delivery to tissues or organs for tumor and cancer therapy, immunol-
ogy and gene therapy, enzyme delivery, as well as diagnostic and cosmetic purposes. It is worth
noting, however, that the majority of the sphingosomes’ therapeutic applications that have
advanced to the pre-clinical and clinical phases are in the field of cancer [13].

Based on the foregoing context, and since pomegranate extracts have shown great promise
in cancer therapy but have yet to be studied using sphingosomal formulations, this study
aimed at standardizing the ethanolic and aqueous extracts of the pericarp and the juicy seeds
of Spanish pomegranate fruits, Punica granatum L., family Punicaceae, compare their antican-
cer activities using MCF-7, HeLa, and HCT116 cancer cell line and then load the candidate
extract into three sphingosomal formulations that were prepared, characterized, and compared
in terms of the in vitro release profile and cytotoxic activity. The primary goal is to achieve a
controlled release of the extract’s phytochemicals while also increasing its antitumor activity
against the tested cell lines.

2. Materials and methods
2.1 Plant materials

Whole fruits of Punica granatum L., F. Lythraceae of Spanish origin were bought in October
2020 from the local market in Dubai, United Arab Emirates. The fruits were carefully identi-
fied and authenticated by Prof. Naglaa Gamil Shehab “Department of Pharmacognosy, Cairo
University, Cairo, Egypt”, “Department of Clinical Pharmacy and Pharmacotherapeutics,
Dubai Pharmacy College for Girls, United Arab Emirates”. Two parts of the fruits were used;
the pericarps, which were peeled, air-dried, and ground into a fine powder, along with the sep-

arated pomegranate seeds’ fleshy part. All were preserved for further studies.
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2.2 Cancer cell lines used

The cell lines of the human breast carcinoma (MCF-7), the human colorectal carcinoma
(HCT116), and the human cervical carcinoma (HeLa cells) were obtained from the National
Cancer Institute, Cairo University, Cairo, Egypt.

2.3 Chemicals

All solvents were of analytical grade and obtained from Fisher Scientific (UK), while quercetin
and gallic acid were purchased from Sigma-Aldrich (Germany). Sphingomyelin (SM) was
obtained from bovine brain (MW: 731.078 g/mol) (Santa Cruz Biotechnology, USA) while
Chol (MW: 386.66 g/mol) was obtained from (ALPHA CHEMIKA, India).

2.4 Preparation of pomegranate extracts

The fresh fruit’s pericarps and seeds of Punica granatum L were separated and weighed (1.49
kg and 1.3 kg, respectively). The pericarps were then air-dried and powdered. The powder was
divided equally and was macerated exhaustively by cold maceration using absolute ethanol
(3L) and distilled water (1L), while the seeds were mixed separately with absolute ethanol (2L)
and distilled water (1L) using a blender. All extracts were filtered. The ethanolic extracts were
separately evaporated at 60°C under reduced pressure, using a rotary evaporator.

On the other hand, the aqueous extracts were freeze-dried at -46 C°, under 1 pa, and for 36
hrs using a lyophilizer (BK-FD10P, Biobase, China). All extracts were stored in the fridge at
4°C for further analysis.

2.5 Standardization of the pomegranate extracts

2.5.1 Colorimetric monitoring of phenolic and flavonoid contents in different extract-
ing solvents. Colorimetric measurements of total flavonoid and phenolic contents of the peri-
carps and the fleshy part of the seeds for both ethanolic and aqueous extracts were determined
spectrophotometrically using a UV-visible spectrophotometer (UV1800, Shimadzu, Japan) to
assess the efficiency of the extracting solvents. All experiments were carried out in triplicate.
The total phenolic content was estimated by using the Folin-Ciocalteu reagent. according to the
procedure published by Singleton and Rossi [14] and modified by Unir et al. [15]. The results
were represented as g/100g gallic acid equivalents based on the dry weight of the plant material;
the calibration curve was established using serial dilutions of gallic acid (10, 20, 30, 40, and
50 pg/mL). The absorbance was measured against a reagent blank at A, 750 nm.

Alternatively, the total flavonoid content of the extracts was determined, spectrophotomet-
rically, following the aluminum chloride method in which quercetin was used as a standard.
The calibration curve was established using serial dilutions of quercetin (10, 20, 30, 40, and
50 pg/mL) according to the method described by Dewanto et al. [16]. The absorbance of the
yielded yellow color is then spectrophotometrically measured at A5, 510 nm.

2.5.2 Determination of total anthocyanins content. Using spectrophotometric mea-
sures, the total amount of anthocyanins in each extract of Punica granatum was determined as
described by Roman et al. [17]. A volume of 2 mL of the extract’s solution was diluted up to 25
mL using a mixture (pH 1.0) of 0.2 M HCI (375 mL) and 0.2 M KCI (125 mL). Another fresh 2
mL volume of the extract’s solution was diluted up to 25 mL with a buffer solution (pH 4.5)
made of 1 M HCI (240 mL), 1 M sodium acetate (400 mL), and H,O (360 mL). The absorbance
of the two solutions was then measured at Amax 510 nm and anthocyanins concentration was
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calculated using Eq I
Cgr = (Abs,y — Abs,y, 5)*484.82%1000/24825+DF (1)

Where; (Abs 11 —Abs 14 5) is the difference of absorbance at 510 nm between pH 1.0 and
pH 4.5 solutions,

484.82 is the molecular mass of cyanidin-3-glucoside chloride,

24825 is the molar absorptivity (€) of cyanidin-3-glucoside chloride at 510 nm in the solu-
tion (pH 1.0 £0.1), and DF is the dilution factor.

2.6 HPLC analysis of the pomegranate extracts

The composition of pomegranate extracts, both aqueous and ethanolic, was evaluated using
RP-HPLC analysis by an Agilent 1100 HPLC system equipped with a C18-MS packed column
(5 um, 4.6 mm i.d. x 125 mm). The extracts were filtered through a 0.45 um Millipore®
syringe filter before being fed into the column, with an injection volume of 10 pL for both the
tested samples and the standards. The analysis was conducted under conditions that allowed
for the identification of phenolic acids or flavonoids [18]. Separation of phenolic acid com-
pounds was done by applying a gradient mobile phase of two solvents, namely methanol and
acetic acid in water (1:25, v/v) as described by Lin Y L et al. [19], and the phenolic components
were measured at A = 280 nm. Whereas, an isocratic flow of a binary mixture of methanol
/water (50:50 v/v), adjusted to pH 2.8 with phosphoric acid at a flow rate of ImL/min., was
used for the determination of flavonoids [20] and the flavonoid components were measured at
Amax = 360 nm. The obtained chromatograms were analyzed using the Agilent ChemStation.
Individual components were identified by comparing the retention times of unknown peaks to
those of reference standards. All samples were performed in triplicates.

2.7 Antioxidant activity: DPPH radical scavenging assay

The antioxidant activity of the pomegranate extract in D.W. and absolute ethanol was deter-
mined through the radical scavenging capacity employing a stable DPPH radical. The assay
was carried out in a 96-well microtiter plate utilizing the formerly reported modified technique
by Shehab et al. [18]. The reaction mixtures were shaken vigorously before being incubated at
37°C in the dark for 30 min., and the absorbance was spectrophotometrically measured at A,
517 nm. The following formula was used to compute the percentage of the test samples that
inhibit the DPPH radical:

Percentage Inhibition (%) =]A, — (A, — A,)[/A,[x100% (2)

Where; A, is the absorbance of the control, A, is the absorbance in the presence of the sam-
ple, and A, is the absorbance of the sample under identical conditions as A; with ethanol
instead of DPPH solution. Ascorbic acid was used as a reference standard and samples were
examined in triplicate.

2.8 In vitro cytotoxicity study of the pomegranate extracts by MTT
colorimetric assay

This study has been approved by the Research Unit of Dubai Pharmacy College for Girls (Ref-
erence No. REC/Mpharma/PPD/2021/04) and all participants signed written informed con-
sent before participating in this study. For this study, three different cancer cell lines were
employed. These are human breast carcinoma (MCF-7), human colorectal carcinoma
(HCT116), and human cervical carcinoma (HeLa cells) cell lines.
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This investigation was carried out following the procedure described in the references [21,
22]. In brief, A 96-well tissue culture plate was inoculated with 1x10° cells /mL (100 uL /well)
and incubated at 37°C for 24 hrs to develop a complete monolayer sheet. The growth medium
was then decanted after a confluent sheet of cells was formed which was washed twice with
wash media. In the RPMI medium, which acted as a maintenance medium, two-fold dilutions
of the tested sample were made with 2% serum. After that, a volume of 0.1 mL of each dilution
was tested in different wells leaving three wells as control, receiving only maintenance
medium. The 96-well tissue culture plate was then incubated at 37°C and examined. The cells
were checked for any physical signs of toxicity, such as partial or complete loss of the mono-
layer sheet, rounding, shrinkage, or cell granulation. Following that, a 5mg/mL solution of
MTT in PBS was prepared, and 20 pL of it was added to each well. The plate was then shaken
at 150 rpm for 5 min. before being incubated at 37°C in a 5% CO, atmosphere for 1-5 hrs to
allow for MTT metabolism. The medium was then disposed and 200uL of DMSO was used for
the solubilization of Formazan (MTT metabolic product). This was followed by agitating the
tissue culture plate on a shaking table for 5 min. at 150 rpm to thoroughly mix the formazan
into the solvent. Finally, the optical density, which is directly proportional to the viable cell
number per well, was spectrophotometrically analyzed at 560 nm.

2.9 Preparation of PE-loaded sphingosomes

PE-loaded sphingosomes were prepared by the thin-film hydration method with modifications
[23]. The specific weight of the SM and Cholesterol in a weight ratio of (55:45 w/w) was dis-
solved in 8 mL of chloroform. While the PE (40.2 mg) was dissolved in 2 mL of methanol.
Both solutions were then mixed and placed in a round bottom flask. The mixture was evapo-
rated at 65°C in a rotary evaporator (Laborota 4000 efficient, Heidolph, Germany) at 100 rpm
under reduced pressure until a dry thin film was obtained on the walls of the flask. Then, 5 mL
of PBS (pH 7.4) was added to the film, sonicated for 5 min., and left for 2 hrs for complete
hydration. The resultant milky white sphingosomal dispersions of all the formulas were then
lyophilized using a BK-FD10P freeze drier (Biobase, China). The system was cooled to—46 C°,
under a vacuum pressure of 1pa for 36 hrs. The dried powdered samples were then stored at
4 + 2°C and utilized for further investigations.

The compositions of the prepared formulations are shown in Table 1 and the procedure of
the preparation is summarized in Fig 2.

2.10 Preparation of PE calibration curve

The calibration curve of the PE in PBS (pH 7.4) was prepared by making a series of dilutions
(0.08, 0.16, 0.32, 0.4, 0.56, 0.64 mg/mL) from a stock solution of 0.8% w/v of PE in phosphate
buffer pH 7.4 using the HPLC at Amax 275nm. The calibration curve was plotted, and linear
regression analysis was performed using Microsoft® Excel sheet 2019; to determine the linear

Table 1. Composition of PE-loaded sphingosomes formulations.

Batch Code

Blank
F1

F2
F3

https://doi.org/10.1371/journal.pone.0293115.t001

Ingredients PE: lipids weight ratio (w/w)
Cholesterol (mg) PE extract (mg) Solvent (mL) PBS (mL)
0 Chloroform (10 mL) 5 N/A
40.2 Chloroform (8 mL) 5 1:1
+
Methanol (2 mL) 1:2
1:3
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Fig 2. Preparation of PE-loaded sphingosomes by lipid hydration method.

https://doi.org/10.1371/journal.pone.0293115.9002

equation as well as the correlation coefficient (R?). The high R? value suggested that the con-
centrations used in the calibration curve construction were convenient and followed Beer’s

law. All results were plotted as mean +SD (Fig 3).

3000
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§ 2000 y= 4929.4x +79699 é. ........
g R?=0.9849 T
é 1500 A ................
3 B
21000 e
> g8 8
S
& 500
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Concentration (mg/mL)
Fig 3. HPLC-calibration curve of the PE in PBS (pH 7.4). The points are given as mean +SD (n = 3).
https://doi.org/10.1371/journal.pone.0293115.g003
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2.11 Characterization of PE-loaded sphingosomes

2.11.1 Morphological examination. All the prepared sphingosomal formulations were
observed under an optical microscope fitted with a digital camera (Carl Zeiss, Germany). A
drop of the sphingosomes dispersions was placed on a clean slide and examined at 40X magni-
fication to detect the existence and the shape of the vesicles.

Furthermore, the morphological features, surface topography, and vesicle size of the
selected sphingosomal formulation (F2) and its blank were investigated by SEM and TEM
(ThermoScientific Apreo C, Czech Republic). A sample of each was placed on an aluminum
specimen stub using conductive tape, followed by a 10 nm gold coating by a Sputter Coater
(Q150TS, Quorum technology, UK) under reduced pressure. The samples were then subjected
to SEM imaging. However, for TEM analysis, a sample of each of the lyophilized F2 and the
blank formula were mixed in pure ethanol and vortexed for 5 min. and the liquid solution was
deposited on a 200 mesh copper grid and analyzed using the TEM detector.

2.11.2 Vesicle size, size distribution, and zeta potential. The vesicle size, polydispersity
index (PDI), and zeta potential were determined by using the laser diffraction particle size ana-
lyzer (Litesizer 500, Anton Paar, Austria). A 0.1mL of the sphingosomal formulation was
diluted with 10mL of PBS (pH 7.4), filtered with a Millipore membrane filter, and placed into
a disposable cell for particle size and PDI measurement. On the other hand, an omega cell was
used to determine the zeta potential [24]. All the measurements were represented as mean val-
ues +SD (n = 3).

2.11.3 Determination of entrapment efficiency (EE%). The EE% was measured by plac-
ing 1 mL of the sphingosomal dispersion in the Eppendorf™ tubes. This was then placed in a
cooling micro-centrifuge (3520, KUBOTA, Japan) and centrifuged at 15000 rpm for 30 min. at
4°C. The supernatant containing the unentrapped drug (free drug) was collected, diluted with
PBS pH 7.4, and analyzed by UV-visible spectrophotometer at A, 275 nm. The amount of
free drug was calculated by referring to the PE calibration curve. The difference between the
initial and free drug amounts was used to determine the amount of the entrapped drug. The
EE% was then calculated using Eq 3:

EE% = ( Entrapped drug amount / total drug amount ) x 100 (3)

2.12 In vitro drug release study

The in vitro drug release of PE from the prepared sphingosomes was studied using the dialysis
method. This was started by soaking the dialysis cassettes (10K MWCO, Thermo Fisher Scien-
tific, USA) in the dissolution medium (PBS pH 7.4) for 2 min. before their use. One milliliter
of the sphingosomal dispersion was then centrifuged in the cooling micro-centrifuge at 15000
rpm for 30 min. at 4°C. The separated PE sphingosomes were then dispersed in 1mL of D.W.
and placed inside the dialysis cassette which was afterward immersed in 300 mL PBS pH 7.4.
The temperature was adjusted to 37 £0.5°C and the stirring rate to 100 rpm. Samples of 3mL
were collected at predetermined time intervals (1, 2, 3,4, 5,6, 7, 8,9, 10, 11, and 12 hrs) with
the replacement of the same volume of fresh medium (PBS pH 7.4) to maintain the sink condi-
tions [23]. The amount of drug released with time was analyzed using the HPLC system (1525,
Waters, Singapore) at Ay, 275 nm as per the PE calibration curve in PBS pH 7.4.

2.12.1 Drug release kinetics modeling. Data from the in vitro release study were analyzed
using the Microsoft® Excel add-in program, DDSolver®) 2010, to determine the kinetic
parameters of the phenolic compounds released from the sphingosomes formulations using
several kinetic models [25], as displayed in Table 2.
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Table 2. Applied kinetic models for the in vitro release data of PE-loaded sphingosomes.

Kinetic Model Equation
Zero-order C,=Cy+Kyt

Where: C, is the amount of drug released at time t, Cy is the initial concentration of drug at time
t =0, and K| is the zero-order rate constant.

First-order log C=1log Cy-K; t/2.303

Where: K; is the first-order rate equation expressed in time™ or per hour, C, is the initial
concentration of the drug, and C is the percent of drug remaining at time t.

Higuchi Q=Kyx t"?
Where: Ky is the Higuchi dissolution constant, and Q is the amount of drug released at time t.
Korsmeyer- Mt /Moo = Ky, t"

Peppas Where: Mt/Moo is a fraction of the drug released at time t, Mt is the amount of drug released in

time t, Moo is the amount of drug released after time oo, n is the diffusional exponent or drug
release exponent, and Ky, is the Korsmeyer release rate constant.

Hopfenberg Mt/ Moo = 1- [1- kot / CL a]"

Where kK, is the zero-order rate constant describing the surface erosion process, CL is the initial
drug loading throughout the system, and (a) is the system’s half thickness.

Baker-Lonsdale | f=3/2[1- (1-Mt/Ma, #3 | —Mt / Ma = Kt
Where Mt / Mo is the fraction of drug released at time t.
Weibull m = l-exp [— {(t-Ti »®1/al

Where: (a) is the scale parameter defining the time scale of the process, (T1) is the location
parameter, represents the lag time before the onset of the dissolution or release process, and (b)
is the shape parameter that describes the shape of dissolution curve progression.

https://doi.org/10.1371/journal.pone.0293115.t1002

Based on the correlation coefficient (R”) obtained from the linear regression analysis, the
model that demonstrated the best fitting of the data and best represented the phenolic com-
pounds release mechanism from sphingosomes was chosen. In addition, the DDSolver® 2010
program was used to perform a simulated pharmacokinetic analysis for all prepared formulas.

2.13 FTIR spectroscopy study

FTIR spectroscopy was used to test the chemical compatibility of the PE with the components
of the formed sphingosomes and detect any possible physicochemical interaction between
them. This was accomplished by making samples of the PE, Sphingomylien, and producing
sphingosomal formulas (F1, F2, and F3), then using an FTIR spectrophotometer to scan these
samples individually in a wavenumber range of 4000 to 400 cm ™' and at a resolution of 4 cm™
(IRAffinity-1S, Shimadzu, Japan).

2.14 Statistical analysis

All results were expressed as mean values £SD (n = 3). One-way ANOVA analysis was
employed to determine statistically significant differences at an alpha p level of 0.05. The statis-
tical analysis was performed using IBM SPSS™ statistics software, version 28.0.1.0.

3. Results and discussion
3.1 Yield of extractives

Extraction of the pomegranate seeds and powdered pericarps with absolute ethanol and D.W.
rendered dark red residues in a yield of 43.19g ethanolic and 3.23g aqueous seeds extracts in
comparison to 164.9g ethanolic and 6.51g aqueous pericarp extracts.
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3.2 Standardization of the pomegranate extracts

a) Colorimetric analysis of phenolic and flavonoid contents in the extracting solvents.
The total flavonoid and phenolic contents of the ethanolic and the aqueous extracts of the
juicy part of the seeds and the pericarps of Punica granatum were investigated spectrophoto-
metrically. Both the ethanolic and the aqueous extracts of the pericarps showed the highest fla-
vonoid and phenolic contents compared to the extracts of the seeds (1.2% and 0.96% flavonoid
content, respectively) and (1.75% and 1.68%, phenolic content respectively).

On the contrary, ethanolic and aqueous seeds’ extracts had flavonoid contents of (0.09%
and 0.08%, respectively) compared to the shared phenolic content (both extracts 0.14%). Simi-
lar results were reported by Barchan et al., where the pericarp extract of Punica granatum was
shown to have the highest overall phenolic and flavonoid concentrations, compared to other
parts of the fruit [26]. On the other hand, increasing the polarity of the solvent didn’t signifi-
cantly (p> 0.05) increase the concentration of flavonoids or phenolic acids in either the peri-
carp or the seeds extract.

b) Determination of total anthocyanin content. Spectrophotometric evaluation of the
four Punica granatum extracts at Amax 510nm revealed anthocyanins content that ranged
between 2.32+0.17 mg/L and 115.96+7.94 mg/L.

Furthermore, statistical analysis of the results revealed a significant difference between the
anthocyanins content in the pericarp extracts and that of the extracts of the seeds (p< 0.05). It
was noted that the aqueous pericarp extract had the highest content of anthocyanins (115.96
+7.94 mg/L), followed by the ethanolic pericarp extract (99.97+0.17 mg/L), the aqueous seeds
extract (6.35+0.69 mg/L), and the ethanolic seeds extract (2.32+0.17mg/L), respectively (Fig 4).

On the other hand, increasing the polarity of the extraction solvents (from absolute ethanol
to D.W.) increased the anthocyanin contents in both the pericarp and the extracts of the seeds,

= EPE

APE
m ESE
m ASE

—115.96*

99.97

Anthocyanins Content (Mg/L)

e
i
Ne)

[

} 2.32

Fig 4. The anthocyanins content of the four extracts of Punica granatum. EPE: Ethanolic Pericarp Extract, APE: Aqueous Pericarp Extract, ESE: Ethanolic Seeds
Extract, and ASE: Aqueous Seeds Extract.

https://doi.org/10.1371/journal.pone.0293115.g004
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however, this impact was statistically insignificant (p> 0.055). Our findings follow that of a
study by Ali et al., where authors investigated the anthocyanins content in the peel, flesh,
seeds, and whole fruit of Punica granatum, and concluded that the peel contains the highest
quantity of anthocyanins [27].

3.3 RP-HPLC analysis of Punica granatum extracts

RP-HPLC evaluation of the extracts of Punica granatum enabled the identification and quanti-
tation of a variety of flavonoid and phenolic compounds, as shown in Tables 3, 4 and Fig 5.

Six phenolic compounds were detected in the ethanolic pericarp extract in Amax 280nm, in
comparison to 9 compounds in the aqueous pericarp extract. On the other hand, the number
of phenolic acids identified in ethanolic seed extract was 5, whereas that of aqueous seed
extract was 7 phenolic compounds.

Caffeic and gallic acids were detected in all investigated extracts in different concentrations.
The major phenolic compounds in the ethanolic pericarp extract were pyrogallol acid followed
by caffeic acid (13.63 and 7.41 ug/mL respectively), while chlorogenic acid, P-OH benzoic
acid, and ferulic acids were the most plentiful in the aqueous pericarp extract (11.69, 8.43 and
7.47 ug/mL, respectively). Furthermore, syringenic acid and P-OH benzoic acid were the most
abundant in the ethanolic seeds extract (9.67 and 7.51 ug/mL, respectively), in contrast to
ellagic and ferulic acids that were the amplest in the aqueous seeds extract (17.36 and 14.08 pg/
mL, respectively). Setting the detector to 360 nm, on the contrary, helped to identify 10 flavo-
noid components in the ethanolic pericarps extract, 8 flavonoids in the aqueous pericarps
extract, and 6 and 7 flavonoids in the ethanolic seeds extract and aqueous seeds extracts,
respectively.

Quercetin, kaempferol, catechin, and chrysoeriol were detected in all extracts in different
amounts. Hesperidin, rutin, and chrysoeriol were the major components in ethanolic pericarp
extract (22.15, 16.25, and 15.04 pg/mL, respectively). While kaempferol, chrysoeriol, and
7-OH flavone were the major in aqueous pericarps extract (20.47, 17.44, and 14.16 pg/mL,

Table 3. Phenolic compounds identified by RP-HPLC analysis of the ethanolic and aqueous extracts of punica granatum (A = 280 nm).

Retention time (min.) Identified phenolic compounds Concentration (ug/mL)
Pericarp Seeds
Ethanolic Ext. Aq. Ext. Ethanolic Ext. Aq. Ext.
3 Catechol - - - 9.14
4.267 Caffeic acid 7.41 0.44 4.66 4.33
5 Ferulic acid 5.17 7.66 - 14.08
6 O-Coumaric acid - 5.97 - -
P-Coumaric acid 6.33 - - -
7.167 Gallic acid 4.98 7.47 5.87 7.68
7.89 Chlorogenic acid - 11.69 - -
8.5 Syringenic acid 5.12 - 9.67 8.69
8.8 Pyrogallol acid 13.63 - - -
9.1 P-OH benzoic acid - 8.43 7.51 -
10 Cinnamic acid - - 0.078 7.65
11 Salicylic acid - 0.78 - -
12.1 Ellagic acid - 0.69 - 17.36
14.2 Protocatechuic acid - 0.13 - -

Ethanolic Ext: Ethanolic extract, Aq. Ext: Aqueous extract.

https://doi.org/10.1371/journal.pone.0293115.t003
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Table 4. Flavonoid compounds identified by RP-HPLC analysis of the ethanolic and aqueous extracts of punica granatum (A = 360 nm).

Retention time (min.) Identified Flavonoid compounds Concentration (ug/mL)
Pericarp Seeds
Ethanolic Ext. Aq. Ext. Ethanolic Ext. Aq. Ext.
4.3 Rutin 16.25 7.13 - 7.14
5.25 Naringin 5.66 6.19 -

6 Isorhamnetin 10.23 - - -
6.95 Quercetin 9.66 8.47 15.36 9.56
7.97 Kaempferol 11.43 20.47 6.15 22.17

9 Luteolin - - 14.66 8.15

10 Hesperidin 22.15 - 8.12 -
11.033 7-OH flavone 8.14 14.16 - 12.02
11.978 Catechin 1.13 11.78 20.56 16.11

14.6 Genistein 3.52 - - -
14.975 Chrysoeriol 15.04 17.44 4.21 7.66
15.2 Myricetin - 2.25 - -
Ethanolic Ext: Ethanolic extract, Aq. Ext: Aqueous extract.
https://doi.org/10.1371/journal.pone.0293115.t004
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Fig 5. RP-HPLC chromatograms of ethanolic pericarp extracts (A1, A2), aqueous pericarp extracts (B1, B2),
ethanolic seeds extracts (C1, C2), and aqueous seeds extracts (D1, D2). Where part A demonstrates the analysis of
phenolic acids and part B shows the analysis of flavonoid components.

https://doi.org/10.1371/journal.pone.0293115.g005
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respectively). On the other hand, catechin and quercetin constituted the majority of ethanolic
seed extract (20.56 and 15.36 ug/mL), and kaempferol and catechin were the most abundant in
aqueous seed extract (22.17 and 16.11 pug/mL) (Table 4).

3.4 Antioxidant activity

The stable free radical 2,2-diphenylpicrylhydrazyl (DPPH) displays a distinct purple color
measured spectrophotometrically at Amax 517nm. When a plant extract with antioxidant
activity is added to the DPPH assay solution, it donates a hydrogen atom that scavenges the
free radical, changing the color of the solution to a yellowish hue, and leading to a reduction in
the absorbance. The DPPH free radical scavenging activity is regarded as an in vitro screening
for probable in vivo antioxidant capacities. The four extracts were tested for their antioxidant
activities compared to ascorbic acid as a reference standard, and the results are presented in
Fig 6.

The ethanolic pericarp extract was found to have significantly (p< 0.05) the highest antioxi-
dant activity (89.9%), followed by the aqueous pericarp extract (74.8%). On the other hand, the
ethanolic and aqueous seed extracts displayed the lowest antioxidant potentials, at 4.8% and
2.3%, respectively.

Similar findings were seen in a study by Derakhshan et al., in which the pericarp extract of
Punica granatum outperformed the seeds and juice extracts in terms of antioxidant activity
[28]. This might be due to the presence of phenolic acids, flavonoids, and anthocyanins in
much higher amounts in the pericarp extracts, as reported previously.
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Fig 6. The antioxidant activity (%) of the four extracts of Punica granatum. EPE: Ethanolic Pericarp Extract, APE: Aqueous Pericarp Extract, ESE: Ethanolic Seeds

Extract, and ASE: Aqueous Seeds Extract.

https://doi.org/10.1371/journal.pone.0293115.9006
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3.5 Preparation of PE-loaded sphingosomes

The method employed for the preparation of the sphingosomes was found to be successful in
the initial trials and consistent with previous research works [29]. The conditions for the prep-
aration of the sphingosomes formulations were optimized by using solvents: chloroform (8
mL) and methanol (2 mL); hydration medium: 5mL of PBS pH 7.4; hydration time: 2 hrs; and
hydration temperature:20°C.

3.6 Characterization of PE-loaded sphingosomes

3.6.1 Optical microscope examination. Using the optical microscope, the existence of
the sphingosomes vesicles was investigated and confirmed. The microscopical pictures
revealed the formation of the sphingosomal vesicles (F1-F3). In addition, it was noted that the
vesicles were spherical, distinct intact entities, and were abundant in the field specifically in
batch F1 (Fig 7).

3.6.2 Vesicle size, size distribution, and zeta potential. The size range of the prepared
sphingosomes was from 93.2+4.49nm—182.7+18.3nm (Table 5). This nanosize was obtained
by employing successive ultrasonication and extrusion to the formulations. Also, this finding
was consistent with the observations of the SEM (section 3.6.8).

Ultrasonication and extrusion are among many techniques that have been used in previous
studies to reduce the size of vesicular drug delivery systems [25]. Other techniques like homog-
enization and freeze-thaw sonication also proved a success in downsizing the liposomal vesi-
cles by various percentages [30]. In addition, the results indicated that the vesicle size was
affected by the weight ratio of PE to lipids in all formulations. F3 had the greatest size
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Fig 7. Micrographs of PE-loaded sphingosomes (F1-F3), and the blank under the optical microscope (40X).
https://doi.org/10.1371/journal.pone.0293115.9007
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Table 5. Vesicle size, PDI, zeta potential, EE%, and Q12 of PE-loaded sphingosomes and the blank formula.

Formula PE: Lipids (w/w)
Blank 0:1
F1 1:1
F2 1:2
F3 1:3

Particle size (nm) PDI (%) Zeta Potential (mV) EE (%) Q12 (%)
93.2+4.49 27.1£3.4 -12.0+£0.31 A e
101.1+13.5 15.2+4.3 -24.9+0.5 47.18+1.42 19.6£1.38

126.0+13.05 13.8+£3.2 -13.6+£0.47 71.64+0.74 42.5+9.44
*182.7+18.3 10.2+5.2 -11.1+0.79 57.88+1.81 36.8£6.70

* Significant results at p< 0.05. Results are presented as mean+SD (n = 3).

https://doi.org/10.1371/journal.pone.0293115.t1005

compared to the other two formulas and the blank vesicles. Moreover, the size of the loaded
vesicles is significantly (p< 0.05) larger than the blank formula proving the loading of the
plant extract into the vesicles (Table 6).

Our findings indeed were in agreement with those reported by Shaker et al., 2017 who also
prepared nano-sized vesicles without the use of surfactants and concluded that the size of the
formed vesicles was directly increased with the lipids” concentration used in their preparation
[31].

The polydispersity index (PDI) is a measure of the size distribution of a sample. The PDI
percentage of the prepared formulas has ranged between 10.2+5.2 and 27.1+3.4 (Table 5).
These PDI values were within the accepted value of (< 30%) which is specific to delivery sys-
tems utilizing lipid-based carriers [32] and indicated the homogenous distribution of the
sphingosomes throughout the formulation dispersions.

On the other hand, zeta potential (£), which is the difference in electric potential across the
ionic layer surrounding a charged colloid ion in a dispersed system, was measured to assess
the charge stability of vesicular systems. In general terms, values of zeta potential greater than
+30 mV are thought to confer sufficient repulsive force to achieve colloidal stability. Con-
versely, a small zeta potential value denotes aggregation and flocculation of vesicles, which ren-
ders the colloidal dispersion unstable [33]. Many factors affect the magnitude of zeta potential,
these include the pH of the medium, ionic strength, concentration of excipients, and tempera-
ture [34]. In this study, the formed sphingosomes in all formulations were found to be nega-
tively charged. The reason behind this is owing to the lipid content, SM, which contains a
phosphocholine head group that renders it a zwitterionic lipid (IEP = 6). Therefore, SM at a
pH of 7.4 (hydration medium, PBS) carries a negative charge [35]. Our results showed that the
€ values ranged between -11.1+0.79 mV and -24.9+0.5 mV for the prepared formulations
(Table 5). It was noticed that as the ratio of PE to lipids increased, the value of zeta potential
increased as well, and this rise in { values was statistically significant (p< 0.05). On the con-
trary, our results disagree with those obtained by Calvagno et al., 2007, who demonstrated that
adjusting the lipid molar ratio during liposomal preparation had an insignificant effect on the
zeta potential of liposomal formulations [36]. Although the { values were < +30 mV for all pre-
pared formulations, which poses a risk of vesicle sedimentation and kinetic instability, were
able to overcome this problem by lyophilizing the sphingosomal dispersions after they were
prepared to transform them into powder samples. The powdered formulations were then
stored in a firmly sealed container in a dark and dry environment until re-dispersed in PBS
pH 7.4 just before any analysis.

3.6.3 Entrapment efficiency (EE%). The high loading efficiency of spingosomes for drug
molecules of a wide range of solubilities is caused by passive loading during vesicle formation,
which traps hydrophilic drugs within the sphingosome’s aqueous core and hydrophobic drugs
within small hydrophobic lipid bilayers [8]. According to our results, PE-loaded sphingosomes
showed an EE% ranging from 47.18+1.42% to 71.64+0.74% (Table 5). The maximum drug
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Table 6. In vitro release kinetics data of pe-loaded sphingosomes formulations by DDSolver software.

Modeling

Zero-order

First-order

Higuchi

Korsmeyer-Peppas

Hopfenberg

Baker-Lonsdale

Weibull

Simulated PK Parameters AUC
MDT (h)

*Significant results at p< 0.05.

https://doi.org/10.1371/journal.pone.0293115.1006

Formulation Rate constant R? adjusted AIC MSC n
F1 4.9476 0.3854 22.9873 -1.3421
F2 11.0056 0.9516 19.8506 1.8895
F3 9.2284 0.8591 22.3372 0.6265
F1 0.0570 0.4379 22.6302 -1.2529
F2 0.1540 0.9836 15.5192 2.9724
F3 0.1220 0.9106 20.5187 1.0812
F1 10.7433 0.7933 18.6286 -0.2525
F2 22.6734 0.9816 15.9921 2.8542
F3 19.3097 0.9915 11.0885 3.4387
F1 18.1734 0.9982 0.1353 4.3709 0.064
F2 18.7277 0.9885 14.4849 3.2310 0.185
F3 20.7649 0.9906 11.8787 3.2412 0.059
F1 0.0003 0.1564 24.6321 -1.7533 198.6357
F2 0.0001 0.9754 17.5244 2.4711 1059.0606
F3 0.0002 0.8658 22.5225 0.5802 552.1781
F1 0.0022 0.8098 18.2957 -0.1692
F2 0.0109 0.9722 17.6389 2.4425
F3 0.0076 0.9941 9.6306 3.8032
F1 o= 4.249 0.99911 -3.5714 5.2975
B= 0.005
Ti= 1.000
F2 o= 1.884 1.0000 -251.8508 69.8149
B= 0.198
Ti= 0.994
F3 o= 1.9771 1.0000 -10.3200 8.7912
B= 0.0269
Ti= 1.0000
F1 F2 F3
243.486 *536.095 456.460
1.683 *0.642 1.438

loading was obtained with F2 (PE: lipids weight ratio of 1:2). The results indicated that increas-
ing the PE: lipids weight ratio from 1:1 to 1:2 resulted in significantly higher EE% (from 47.18
+1.42% to 71.64+0.74%) (p< 0.05). However, raising the ratio to 1:3 resulted in a substantial
decrease in EE% from 71.64+0.74% to 57.88+1.81% (p< 0.05). This fluctuating behavior in F3
may be attributed to the hydrophilic nature of the encapsulated PE. Since sphingosomes are
composed of a lipidic bilayer enclosing an aqueous core, in which PE was entrapped, increas-
ing the lipids composition of such a vesicle may have caused repulsion of the water-soluble
extract to the outside leading to a lower EE%. On the contrary, contradicting results were
reported by Mao et al., who have synthesized vincristine-loaded sphingosomes in varied drug:
lipids ratios and observed a continual rise in EE% despite higher lipids content [37].

3.6.4 In-vitro drug release study. Based on the findings in Section 3.1, it was observed
that phenolic compounds (Ap.x = 275nm) were the most abundant in PE, and thus were the
most attributable to its superior anticancer activity. As a result, we traced the phenolic com-
pounds released from the produced PE-loaded sphingosomal formulations in PBS (pH 7.4) for
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12 hours at A = 275nm. Because of the sphingosomes’ passive tumor-targeting property, which
is mostly related to their nano-size [38], various studies have employed them for the targeted
delivery of anticancer drugs to tumor cells, while utilizing the intravenous route of administra-
tion in their animal studies [39, 40]. Therefore, a pH of 7.4, similar to that of blood, was
employed in our investigation to obtain a sustained release profile from the prepared sphingo-
somal formulas.

F1-F3 showed a gradual increase in the phenolic compounds released into the dissolution
medium during the first hour of the study (Fig 8).

This was followed by a sustained release pattern for F1, while the release from F3 and F2
continued to escalate until reaching a steady state on the third and fourth hours of the run,
respectively. The mean phenolic compounds released after 12 hrs of the run (Q,,) from F1, F2,
and F3 were approximately 19.6%, 42.5%, and 36.8%, respectively, and the difference was
highly significant (p< 0.01) (Table 5). Upon these findings, increasing the lipid content of the
sphingosomes led to a commensurate substantial increase in the release of phenolic com-
pounds between F1 and F2 (p< 0.05); however, further increasing the lipid content in F3 low-
ered the release by 19.2% compared to F2 (p< 0.05). These findings line with the observation
of the EE% study and could be attributed to the lower PE loading to the F3 sphingosomes com-
pared to F2 (36.8% and 42.5%, respectively). Similar results were obtained by Mao et al., who
had also noticed a drug: lipids ratio-dependent behavior of the release profile of their prepared
vincristine-loaded sphingosomes; the lower the ratio, the faster the release [37].

3.6.5 Kinetics modeling and in-vitro release data analysis using DDSolver. The in vitro
drug release data were fitted into various kinetic models including Zero-order, First-order,
Higuchi, Korsmeyer-Peppas, Hopfenberg, Baker-Lonsdale, and Weibull. The linear regression
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Fig 8. In vitro release of phenolic compounds from the prepared sphingosomes in 12 hrs run. The points are mean +SD (n = 3).

https://doi.org/10.1371/journal.pone.0293115.9008
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was used to estimate the dissolution modeling by DDSolver® in line with the equations in
Table 6.

For the selection of the model that offers the best fit of data, the adjusted correlation coeffi-
cient (Rzadjusted) was used, where the model providing the highest (and closest to 1) value of
Rzadjusted was selected. Based on this criterion, the Weibull model was found the most suitable
model to describe the PE release kinetics from all the sphingosomal formulations (F1, F2, and
F3) with Rzadjusted values of 0.9999, 1.0000, and 1.0000, respectively (Table 6).

According to the shape parameter (B) of this model, the release of the phenolic compounds
was following Fickian diffusion, since the f value was <0.75 for all three formulations [41].
This was confirmed by the Korsmeyer-Peppas model, where the n value for F1, F2, and F3
was < 0.45, indicating the phenolic compounds released by Fickian diffusion as well [42]. One
of the elements affecting the drug’s diffusion, according to Fick’s first law, is its dose or initial
concentration, therefore, a rise in EE% corresponds to a higher initial concentration of the PE
loaded into sphingosomes. As a result, there is a greater concentration gradient between the
sphingosomes and the release medium, which leads to enhanced diffusion and consequently
phenolic compounds’ release. For this reason, the highest release profile was exhibited by F2,
which had the highest EE%, as reported earlier. Similar findings were reported by Shi et al.
(2014) who also observed a proportional relationship between the drug’s initial concentration
and its in vitro released amount [43].

Although the R? 4j,stea Was deemed the most appropriate parameter for comparing dissolu-
tion models, the results revealed a high degree of similarity between F1, F2, and F3. Therefore,
other statistical criteria, such as the Akaike Information Criterion (AIC) and the Model Selec-
tion Criterion (MSC) were applied using the DDSolver software to validate the selection of the
best model. For instance, a better fit of data into a kinetics model is indicated by lower AIC
and higher MSC values. This was especially true for the Weibull model, which offered the
highest MSC and lowest AIC values, indicating its superiority in fitting the experimental data
of the three sphingosomal formulas (Table 6).

To further confirm the chosen model, the correlation of residuals (Q-Q.) versus time was
investigated for all the models employed. The Weibull model had the slightest deviation from
the line for F1, F2, and F3, denoting it as the most appropriate kinetics model for describing
the PE release from the prepared sphingosomes (Fig 9).

Other goodness of fit (GOF) evaluations based on the correlation of Qg vs. Q. are backed by
this analysis, as demonstrated in Fig 10.

The Weibull model exhibited the lowest aberration between the observed release data (Q,)
and the predicted released data (Q.) and hence is confirmed to have the best fit for the pheno-
lic compounds release data. Nevertheless, since the Weibull model is an empirical model that
is not deduced from any kinetic fundament, it still presents some limitations [44].

Several criteria, including the previously analyzed AIC, MSC, and GoF, were considered in
the selection of the candidate formula. According to the data, F2 had the highest MSC and low-
est AIC values among the other formulas in the Weibull model, and the difference was statisti-
cally highly significant (p< 0.01). Moreover, it was visually clear that F2 had the least
divergence between QO and Qc when compared to the other formulas (Fig 9), supporting the
notion that it should be chosen as the optimum formula. However, to aid with this decision,
the DDSolver was further used to generate simulated pharmacokinetic parameters such as
AUC and MDT (Table 6).

It was found that the highest value of AUC was shown with F2, and the difference was sta-
tistically significant (p< 0.05), which is consistent with the results of EE% and in vitro release
studies. Moreover, MDT is a tool for estimating the rate at which a drug is released from a dos-
age form lower values of MDT denote a more sustained release of the PE from the prepared

PLOS ONE | https://doi.org/10.1371/journal.pone.0293115 February 12, 2024 18/34


https://doi.org/10.1371/journal.pone.0293115

PLOS ONE

Pomegranate extract-loaded sphingosomes for the treatment of cancer

F1
20
15 z =
®
o]
10 o N @ N ©Zero-order
s 5 ° % g o] > ® 3 O First-order
s 0B % ¥ F % el g § S % g s Higuchi
S 50 2 4 6 1 g & 14 Korsmeyer
10 i % Hopfenberg
8 OBaker-Lonsdale
15
+Weibull
20 -
Time (h)
F2
40
30 ]
i 68 © Zero-order
) ® O First-order
10 ® 6 B
s 5 S ) Higuchi
2 0B & + 4+ + + 8 2 & t + Korsmever
5. 1 3 3 8 % 2 i 14 *Korsmeyer
° g % Hopfenberg
20 L] ©Baker-Lonsdale
30 X
30 +Weibull
-40
Time (b)
F3
40
30 % oa
N 6 4 o © Zero-order
O m CFirst-order
o 10 RN S g ¥
) Higuchi
Q omip ¥ XL G B 8 2 & RN Kon .
3 o 3 % 3 ) g 1 ° i 14 orsmeyer
-10 ] ; Q X Hopfenberg
20 » OBaker-Lonsdale
230 + Weibull

Time (h)

Fig 9. The correlation of residuals (Q0-Qc) vs. time for PE sphingosomal formulations F1, F2, and F3 by different
dissolution models.

https://doi.org/10.1371/journal.pone.0293115.g009

sphingosomes. As noticed in Table 6, F2 exhibited an MDT of 0.642h, which is the shortest
compared to F1 and F3 (p< 0.05). The finding of both of these parameters supports the selec-
tion of F2 as the candidate formula.

3.6.6 Selection of the candidate formula. As mentioned earlier, many parameters were
taken into consideration for the appropriate selection of the candidate formula. First of all, the
in vitro release profile for the three formulas was studied. Although F1 showed a faster-sus-
tained release profile, the amount of phenolic compounds released after 12 hours (Q12) was
only 19.6+1.38%, and it had the lowest EE% compared to the other formulas, so F1 was elimi-
nated. F2 and F3, on the contrary, had a good sustained release profile accompanied by much
higher Q12 values of 42.5+9.44%, and 36.8+6.70%, respectively. In addition, F2 and F3 pos-
sessed greater EE% of 71.64+0.74% and 57.88+1.81%, respectively, and were therefore selected
for further kinetics investigations by the DDSolver software.

A range of assessments was carried out to choose between F2 and F3 including, AIC, MSC,
GOF, AUC, and MDT. Based on the outcome of these assessments, F2 was chosen as the best
candidate formula, as discussed earlier. Subsequently, F2 was subjected to FTIR spectroscopy
analysis to investigate any probable interaction between the PE and the lipids used in its for-
mulation as well as electron microscopy for further shape and size characterization.

3.6.7 FTIR spectroscopy analysis. The FTIR spectra of PE, pure SM, and the PE-loaded
sphingosomal formulas (F1, F2, F3) are shown in Fig 11, and the absorption peaks are illus-
trated in Table 7.

When the spectra of PE and F1-F3 were compared, it was noted that the intensity of the—
OH stretching peak of the PE spectrum (53%) was almost the same as that of the-OH peak in
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the F1 spectrum, but increased significantly in F2 and F3 spectra to 62% and 59%, respectively
(p< 0.05). This increase in intensity may be attributed to the corresponding loading of PE into
the vesicles, and since the F2 spectrum showed the greatest increase in the-OH peak intensity,
loading was highest in F2, as evidenced by the EE % analysis. Moreover, the intensity of the C-
H and C = C peaks of the PE spectrum was also increased in their corresponding peaks in F1,
F2, and F3 spectra (from 78.17% to an average of 91.33% for C-H, and from 67.63% to an aver-
age of 72.67% for C = C peak). On the contrary, three peaks in the PE spectrum disappeared,
namely C = O,-CH, or-CH3, and C-O or C-N peaks.

On the other hand, when the spectra of SM and F1-F3 were compared, it was clear that five
of the SM peaks disappeared in the spectra of the three formulas, particularly those belonging
to the C-H, phosphodioxy, and choline groups. The-OH peak in SM was merged with that of
the PE, and the intensity increased as explained earlier. The intensity of the CO-NH amide
peaks between 1639.49cm ™' and 1654.92 cm™!, however, was reduced from 80.42-86.09% in
the SM to 72.34%, 74.46%, and 75.55% in F1, F2, and F3 spectra, respectively.

Based on these findings, it was hypothesized that two mechanisms of PE entrapment
existed. First, by incorporation of the PE into the vesicles, as indicated by the considerable
increase in the intensity of the-OH peaks in the formulas’ spectra. Second, hydrogen bond
interactions between the abundant nutraceuticals in PE and the lipids in the formulas, because
all of these phytochemicals (phenolic acids, flavonoids, and anthocyanins) have aromatic rings

and hydroxyl groups in their structures, which could be behind the disappearance of some of
the PE and SM peaks.
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Fig 11. FTIR spectra of PE, SM, and F1-F3 sphingosomes.
https://doi.org/10.1371/journal.pone.0293115.g011

3.6.8 Scanning and Transmission Electron Microscopy (SEM and TEM). To examine
the morphology and surface topography of the selected F2, an SEM analysis was performed.
The vesicles appeared to have a distinct and intact structure, with a smooth and homogenous
surface, a spherical shape, and in the form of a non-porous lipid matrice, which supports the

Table 7. Characteristic peaks of FTIR spectra.

Functional group Type of vibration Peak frequency (cm™)
PE -OH Stretch 3285.16
C-H Stretch 2883.58
C=0 Stretch 1716.65
C=C Stretch 1608.63
-CH, or-CHj3; Bend 1338.60
C-O or C-N Stretch 1026.13
SM -OH Stretch 3273.20
C-H Stretch 2916.37
Stretch 2848.86
CO-NH (amide) Stretch 1654.92
Stretch 1639.49
Phosphodioxy group Antisymmetric stretch 1219.01
Symmetric stretch 1085.92
CsH;4,NO (Choline) - 968.27

https:/doi.org/10.1371/journal.pone.0293115.t007
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Fig 12. SEM micrographs of the prepared sphingosomes, A) Blank formula; B) Candidate formula (F2), at 50000X

and 100000X, respectively.

https://doi.org/10.1371/journal.pone.0293115.9012

previously reported mechanism of phenolic compounds release by diffusion (Fig 12A and

12B).

Furthermore, for both the blank and candidate formulas, a TEM examination was carried
out to establish the vesicle size, as this approach is thought to be the most effective in determin-
ing the actual size and internal structure of tested vesicles [45]. The GraphPad Prism 9.3.1.471
was used to analyze the data obtained, and the results were presented in Table 8.

It was observed that the PE-loaded sphingosomes of F2 had a significantly larger size than
that of the blank (p< 0.01), confirming the PE loading into the vesicles (Fig 13A and 13B).

Table 8. Statistical analysis results comparing the particle sizes of the blank and F2, obtained from TEM investi-

gation (n = 3).

Parameter Blank F2
Mean 95.2033 *131.5
SD 3.0524 8.5106
SEM 1.7623 49136
n 3 3
P-value (two-tailed) 0.0022

* Significant results at p< 0.05.

https://doi.org/10.1371/journal.pone.0293115.t008
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Fig 13. TEM micrographs of the prepared sphingosomes, A) Blank formula; B) Candidate formula (F2), at 60000X
and 80000X, respectively.
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3.7 In vitro cytotoxicity study of PE and PE-loaded sphingosomes

In the current study, the anticancer activities of ethanolic and aqueous extracts of both peri-
carps and the juicy seeds of Spanish pomegranate fruits were compared to the control using
MCEF-7, HeLa, and HCT116 cancer cell lines. In addition, the anticancer activity of the candi-
date sphingosomal formulation -F2- was also tested using the same kinds of cell lines.

The MTT colorimetric assay was used to assess the cytotoxicity of the samples on the viabil-
ity of the MCF-7, HeLa, and HCT116 cell lines. Under the conditions adopted for the study,
the three cancer cell lines were treated with various concentrations (31.25, 62.5, 125, 250, 500,
and 1000, pg/mL) of the four pomegranate extracts.

The dose-dependent anticancer activity of plant extracts on MCF-7 HeLa, and HCT116 cell
lines at different concentrations compared to control cells are displayed in Tables 9-11 and
Figs 14(A)-14(D), 15(A)-15(D) and 16(A)-16(D), respectively.

It was observed that, for all tested cell lines, the cytotoxic effect of all pomegranate extracts
varied in a dose-dependent pattern. The minimum antitumor effect was obtained at a dosage
range of 31.25-62.5 pg/mL for all extracts, with a consistent increase in cancer cell inhibition
as the concentration reached 1000 pg/mL, at which more than 90% growth inhibition was
achieved in all tested cell lines. Furthermore, optical density, which correlates to the cancer
cells’ quantity, was also recorded. An inverse relationship was noticed between the concentra-
tion of the extracts used and the value of optical density when compared to the untreated cells
(control). In comparison to the other extracts, the ethanolic pericarps extract and the extract
of the ethanolic seeds were shown to possess the strongest anticancer effects against MCT7,
HeLa, and HCT116 cell lines at all concentrations tested. However, the former was superior
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Table 9. Cytotoxic effect and IC50 of the EPE, ASE, APE, and ESE on MCF-7 cell-line.

ID Conc. ug/mL
MCF7 Control
EPE 1000

500
250
125
62.5
31.25
ASE 1000
500
250
125
62.5
31.25
APE 1000
500
250
125
62.5
31.25
ESE 1000
500
250
125
62.5
31.25

Optical Density (O.D) Mean O.D SD Viability % Toxicity % IC50 ug/mL + SD

0.385 0.397 0.376 0.386 0.0061 100 0

0.019 0.020 0.020 0.020 0.0003 5.09 94.91 58.22+ 0.32
0.018 0.022 0.020 0.020 0.0012 5.18 94.82

0.035 0.062 0.044 0.047 0.0079 12.18 87.82

0.089 0.092 0.114 0.098 0.0079 25.47 74.53

0.163 0.158 0.172 0.164 0.0041 42.57 57.43

0.326 0.351 0.368 0.348 0.0122 90.24 9.76

0.035 0.04 0.036 0.037 0.0015 9.59 90.41 121.47+0.14
0.033 0.041 0.046 0.040 0.0038 10.36 89.64

0.05 0.081 0.079 0.070 0.0100 18.13 81.87

0.168 0.182 0.179 0.176 0.0043 45.68 54.32

0.362 0.345 0.358 0.355 0.0051 91.97 8.03

0.378 0.391 0.385 0.385 0.0038 99.65 0.35

0.018 0.019 0.018 0.018 0.0003 4.75 95.25 117.38+ 0.69
0.053 0.042 0.038 0.044 0.0045 11.49 88.51

0.033 0.062 0.053 0.049 0.0086 12.78 87.22

0.163 0.158 0.172 0.164 0.0041 42.57 57.43

0.353 0.354 0.366 0.358 0.0042 92.66 7.34

0.385 0.389 0.379 0.384 0.0029 99.57 0.43

0.018 0.018 0.018 0.018 0.0000 4.66 95.34 96.87+ 0.51
0.02 0.019 0.019 0.019 0.0003 5.01 94.99

0.038 0.052 0.039 0.043 0.0045 11.14 88.86

0.114 0.092 0.126 0.111 0.0100 28.67 71.33

0.296 0.301 0.283 0.293 0.0054 75.99 24.01

0.397 0.372 0.388 0.386 0.0073 99.91 0.09

EPE: Ethanolic pericarp extract; ASE: Aqueous seeds extract; APE: Aqueous pericarp extract; ESE: Ethanolic seeds extract, SD: standard deviation, IC50: half-maximal

inhibitory concentration. SD: standard deviation, IC50: half-maximal inhibitory concentration.

https://doi.org/10.1371/journal.pone.0293115.t009

against MCT and HeLa cell lines with the smallest ICs; (58.22 pg/mL and 56.62 pg/mL, respec-
tively). While the latter displayed greater cytotoxic potency against the HCT116 cell line, with
an ICs; value of 81.5 ug/mL. Our findings were in line with that of a study by Shalaby et al.,
where authors established that the pericarps and juice pomegranate extracts demonstrated the
capability to inhibit tumor cell growth in multiple human cancer cell lines, including the
MCF7 and HCT116 cell lines [46].

Moreover, the observed PEs’ anticancer effects against MCT7, HeLa, and HCT116 cell lines
are most likely attributed to the presence of flavonoids such as kaempferol, rutin, hesperidin,
and catechin, as well as phenolic compounds such as ellagic acid, pyrogallol, and ferulic acid,
which, according to the literature, all have anticancer properties against the studied cell lines
[47, 48]. The phenolic acids that are present in pomegranate extracts can be categorized into
two groups: hydroxycinnamic acid (e.g. chlorogenic, caffeic, and ferulic acids) and hydroxy-
benzoic acid such as syringic and vanillic acids. Another important group of phytochemicals
in pomegranates is the flavonoids which are now used in a wide range of medical, pharmaceu-
tical, nutraceutical, and cosmetic products. There is evidence that these compounds can act as
potent antioxidants, anticarcinogenic, antimutagenic, anti-diabetic, anti-ulcer, and anti-
microbial agents [6].
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Table 10. Cytotoxic effect and IC50 of the EPE, ASE, APE, and ESE on Hela cell-line.

ID
Hela
EPE

ASE

APE

ESE

Conc. pg/mL

Control
1000
500
250
125
62.5
31.25
1000
500
250
125
62.5
31.25
1000
500
250
125
62.5
31.25
1000
500
250
125
62.5
31.25

Optical Density (O.D) Mean O.D SD Viability % Toxicity % IC50 ug/mL + SD

0.352 0.349 0.367 0.356 0.0056 100 0

0.020 0.019 0.019 0.019 0.0003 5.43 94.57 56.62+ 0.28
0.022 0.031 0.035 0.029 0.0038 8.24 91.76

0.045 0.036 0.030 0.037 0.0044 10.39 89.61

0.056 0.080 0.097 0.078 0.0119 21.82 78.18

0.153 0.142 0.123 0.139 0.0088 39.14 60.86

0.358 0.323 0.314 0.332 0.0134 93.16 6.84

0.019 0.02 0.02 0.020 0.0003 5.52 94.48 162.94+ 0.21
0.026 0.034 0.032 0.031 0.0024 8.61 91.39

0.056 0.071 0.088 0.072 0.0092 20.13 79.87

0.196 0.186 0.202 0.195 0.0047 54.68 45.32

0.324 0.345 0.347 0.339 0.0074 95.13 4.87

0.360 0.353 0.349 0.354 0.0032 99.44 0.56

0.018 0.020 0.018 0.019 0.0007 5.24 94.76 163.53+ 0.32
0.045 0.038 0.051 0.045 0.0038 12.55 87.45

0.089 0.063 0.077 0.076 0.0075 21.44 78.56

0.196 0.152 0.187 0.178 0.0134 50.09 49.91

0.351 0.347 0.369 0.356 0.0068 99.91 0.09

0.345 0.355 0.368 0.356 0.0067 100.00 0.00

0.019 0.018 0.018 0.018 0.0003 5.15 94.85 152.59+ 0.45
0.020 0.026 0.025 0.024 0.0019 6.65 93.35

0.045 0.037 0.046 0.043 0.0028 11.99 88.01

0.156 0.182 0.187 0.175 0.0096 49.16 50.84

0.356 0.347 0.362 0.355 0.0044 99.72 0.28

0.359 0.362 0.347 0.356 0.0046 100.00 0.00

EPE: Ethanolic pericarp extract; ASE: Aqueous seeds extract; APE: Aqueous pericarp extract; ESE: Ethanolic seeds extract, SD: standard deviation, IC50: half-maximal

inhibitory concentration. SD: standard deviation, IC50: half-maximal inhibitory concentration.

https://doi.org/10.1371/journal.pone.0293115.t010

Recently flavonoids have been reported to possess powerful inhibitory properties against a
variety of enzymes, such as cyclooxygenase (COX), xanthine oxidase (XO), lipoxygenase
(LOX), aldose reductase, and phosphoinositide 3-kinase [7]. Anthocyanins have been shown
to have numerous health-promoting properties and may prevent some degenerative diseases.
Also, anthocyanins can combat oxidative stress, function as antimicrobial agents, and prevent
the emergence and progression of a wide range of noncommunicable diseases, including car-
diovascular, metabolic, and neurodegenerative diseases, as well as certain types of cancer [9].
For instance, a range of pomegranate-derived substances was tested for their capacity to sup-
press aromatase activity, including gallagic acid, urolithins A and B, and ellagic acid. Accord-
ing to the findings, Urolithin B demonstrated the highest capacity, among others, to reduce
aromatase activity that is responsible for stimulating the proliferation of estrogen-responsive
breast tumors. Also, the pomegranate components were proved as antiangiogenesis agents
through their marked suppression of the inflammatory or angiogenesis indicators (vascular
endothelial growth factor (VEGF), in MDA-MB-231, MCF-7, and MCF-10A breast cancer
cells [49].

Moreover, it has been demonstrated that the polyphenols in pomegranate fermented juices
and seed oils can inhibit cancer cell growth and invasion. This effect was attributed to the inhi-
bition of the oxidation and synthesis of proinflammatory prostaglandins that induce cell death
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Table 11. Cytotoxic effect and IC50 of the EPE, ASE, APE, and ESE on HCT116 cell-line.

ID Conc. pg/mL

HCT116 Control
EPE 1000
500
250
125
62.5
31.25
ASE 1000
500
250
125
62.5
31.25
APE 1000
500
250
125
62.5
31.25
ESE 1000
500
250
125
62.5
31.25

Optical Density (O.D) Mean O.D SD Viability % Toxicity % IC50 pg/mL + SD
0.384 0.399 0.375 0.386 0.007 100 0
0.019 0.02 0.018 0.019 0.0006 4.92 95.08 94.79+ 0.15
0.02 0.021 0.018 0.020 0.0009 5.09 94.91
0.056 0.063 0.058 0.059 0.0021 15.28 84.72
0.104 0.099 0.125 0.109 0.0080 28.32 71.68
0.265 0.284 0.279 0.276 0.0057 71.50 28.50
0.362 0.398 0.388 0.383 0.0107 99.14 0.86
0.018 0.017 0.019 0.018 0.0006 4.66 95.34 177.6+ 0.11
0.053 0.062 0.047 0.054 0.0044 13.99 86.01
0.115 0.121 0.108 0.115 0.0038 29.71 70.29
0.215 0.223 0.241 0.226 0.0077 58.64 41.36
0.341 0.362 0.358 0.354 0.0064 91.62 8.38
0.384 0.373 0.369 0.375 0.0045 97.24 2.76
0.018 0.019 0.019 0.019 0.0003 4.84 95.16 304.27+ 0.32
0.035 0.056 0.057 0.049 0.0072 12.78 87.22
0.195 0.215 0.206 0.205 0.0058 53.20 46.80
0.348 0.369 0.375 0.364 0.0082 94.30 5.70
0.382 0.4 0.374 0.385 0.0077 99.83 0.17
0.393 0.378 0.385 0.385 0.0043 99.83 0.17
0.019 0.018 0.018 0.018 0.0003 4.75 95.25 81.50+ 0.84
0.02 0.019 0.021 0.020 0.0006 5.18 94.82
0.021 0.02 0.023 0.021 0.0009 5.53 94.47
0.056 0.063 0.068 0.062 0.0035 16.15 83.85
0.236 0.215 0.201 0.217 0.0102 56.30 43.70
0.385 0.397 0.371 0.384 0.0075 99.57 0.43

EPE: Ethanolic pericarp extract; ASE: Aqueous seeds extract; APE: Aqueous pericarp extract; ESE: Ethanolic seeds extract, SD: standard deviation, IC50: half-maximal

inhibitory concentration. SD: standard deviation, IC50: half-maximal inhibitory concentration.

https://doi.org/10.1371/journal.pone.0293115.t011

in cancer [50]. Also, pomegranate polyphenols such as ellagitannins have a significant impact
on colon cancer onset and progression [51]. It was observed that tumor necrosis factor-
induced COX-2 protein synthesis was inhibited in HT-29 cancer cells treated with pomegran-
ate juice. These findings highlighted the role of pomegranate juice in suppressing inflamma-
tory signaling pathways in colonic malignancies [52]. In another study, pomegranate ellagic
acid successfully induced Caco-2 colon cancer cellular apoptosis by activating the intrinsic
apoptotic cascade. Surprisingly, however, this ellagic acid-induced apoptosis did not affect
normal colonic cells [53]. Another research revealed the capacity of ellagic acid obtained from
the extract of pomegranate peel to suppress the AKT/mTOR signaling cascade by altering
IGFBP7 gene expression, with resultant inhibition of HeLa cancerous cells [54]. Other
researchers suggested the potential cytotoxic, antiproliferation, and anti-invasion properties of
the pomegranate peel extract against the tested HeLa cells. A dose-dependent anticancer
impact of the aqueous pomegranate peel extract against the cervical cancer cell line was pro-
posed [55].

Additionally, researchers found that pomegranate extract affects genes and proteins respon-
sible for cancer growth and progression. In addition, pomegranate juices and pericarp have a
three-fold higher antioxidant effect than green tea, and long before it was proven that the

PLOS ONE | https://doi.org/10.1371/journal.pone.0293115 February 12, 2024 26/34


https://doi.org/10.1371/journal.pone.0293115.t011
https://doi.org/10.1371/journal.pone.0293115

PLOS ONE

Pomegranate extract-loaded sphingosomes for the treatment of cancer

MCF-7 cells (Control)

Organism: Homo sapiens, Human

Tissue: Breast; Mammary gland derived from
metastatic site

Technique: Pleural effusion Fig. 14(c)
Cell type: Epithelial

Culture properties: Adherent

1000ug/ml 500ug/ml 250ug/ml

Fig. 14(a)

1000ug/ml 500ug/ml 250ug/ml

125ug/ml 62.5 ug/ml 31.25 ug/ml'

125ug/ml 62.5 ug/ml

. 31.25 ug/ml

Fig. 14(d)
1000ug/ml 500ug/ml 250ug/ml

Fig. 14(b)

1000ug/ml 500ug/ml 250ug/ml

125ug/ml 62.5 ug/ml =5 31.25 ug/ml

125ug/ml 62.5 ug/ml 31.25 ug/ml

Fig 14. (a-d). Dose-dependent anticancer activity of plant extracts on MCF-7 cells at different concentrations compared to control cells.
a) EPE; b) ASE; c) APE; d) ESE.

https://doi.org/10.1371/journal.pone.0293115.9014
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Fig 15. (a-d): Dose-dependent anticancer activity of plant extracts on Hela cells at different concentrations compared to
control cells. a) EPE; b) ASE; c) APE; d) ESE.

https://doi.org/10.1371/journal.pone.0293115.g015

PLOS ONE | https://doi.org/10.1371/journal.pone.0293115 February 12, 2024 27/34


https://doi.org/10.1371/journal.pone.0293115.g014
https://doi.org/10.1371/journal.pone.0293115.g015
https://doi.org/10.1371/journal.pone.0293115

PLOS ONE

Pomegranate extract-loaded sphingosomes for the treatment of cancer

Fig. 16(a)
1000ug/ml

125ug/ml

Fig. 16(b)

1000ug/ml

125ug/ml

HCT116 cells (Control)

Organism: Homo sapiens, Human
Tissue: Colon

Cell type: Epithelial

Culture properties: Adherent
Disease: Colorectal carcinoma

Fig. 16(c)

1000ug/ml 500ug/ml 250ug/ml

500ug/ml ZSOug/ml o

125ug/ml 62.5 ug/ml 31.25 ug/ml

62.5 ug/ml 31.25 ug/ml

Fig. 16(d)

1000ug/ml 500ug/ml 250ug/ml
500ug/ml 250ug/ml

) 125ug/ml 62.5 ug/ml oy 31.25 ug/ml
62.5 ug/ml /31.25 ug/ml

Fig 16. (a-d): Dose-dependent anticancer activity of plant extracts on HCT116 cells at different concentrations compared to control
cells. a) EPE; b) ASE; ¢) APE; d) ESE.

https://doi.org/10.1371/journal.pone.0293115.9g016

synergistic effect of polyphenols present in pomegranates explains the potent antioxidant and
anticancer properties of the pericarp and seeds [56].

On the other hand, the MTT colorimetric assay was used to assess the cytotoxicity of the
candidate formula on the viability of the MCF-7, HeLa, and HCT116 cell lines. Under the con-
ditions adopted for the study, the three cancer cell lines were treated with various concentra-
tions (31.25, 62.5, 125, 250, 500, and 1000, pg/mL) of F2, and Table 12 and Fig 17 (A)-(C)
present the findings which explain why we had chosen F2 as a candidate promising
formulation.

Similar to the outcome of the cytotoxicity study of the prepared extracts the anticancer
effect of the candidate formula on all tested cell lines varied in a dose-dependent manner. The
lowest antitumor impact was obtained at a dosage range of 31.25-62.5 pug/mL, with a consis-
tent increase in cancer cell inhibition as the concentration reached 1000 pg/mL, at which more
than 90% growth inhibition was achieved in all tested cell lines. Furthermore, optical density,
which correlates to the cancer cells’ quantity, was also recorded. An inverse relationship was
noticed between the concentration of the candidate formula used and the value of optical den-
sity when compared to the untreated cells (control).

In comparison to the anticytotoxic activity of the free extract (EPE), the candidate formula
was shown to possess a stronger anticancer effect against HCT116 cell lines at all concentra-
tions tested. This was evident through a significantly lower IC5, value of 54.79+ 0.89 pg/mL
compared to that of the free extract (ICs, of 94.79 pg/mL) (p<0.01). In addition, F2 exhibited
statistically significant (p<0.05). cytotoxic impact against the MCF-7 and HeLa cell lines and
HCT116 cell lines compared to the free extract. This may be attributed to the controlled release
of the extract’s active substances from the prepared sphingosomes, which was confirmed in
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Table 12. Cytotoxic effect and IC50 of the candidate formula on MCF-7 cell line, Hela cell line, and HCT116 cell line.

ID Conc. ug/mL

MCF7 Control
1000
500
250
125
62.5
31.25
Hela Control
1000
500
250
125
62.5
31.25
HCT116 Control
1000
500
250
125
62.5
31.25

Optical Density (O.D) Mean O.D SD Viability % Toxicity % IC50 ug/mL+ SD
0.866 0.872 0.878 0.872 0.0035 100 0 63.16+ 0.64
0.020 0.018 0.021 0.020 0.0009 2.26 97.74
0.045 0.052 0.058 0.052 0.0038 5.93 94.07
0.089 0.093 0.099 0.094 0.0029 10.74 89.26
0.213 0.235 0.221 0.223 0.0064 25.57 74.43
0.546 0.538 0.552 0.545 0.0041 62.54 37.46
0.821 0.856 0.843 0.840 0.0102 96.33 3.67
0.754 0.768 0.77 0.764 0.0050 100 0 63.90+ 0.72
0.023 0.031 0.023 0.026 0.0027 3.36 96.64
0.022 0.031 0.028 0.027 0.0026 3.53 96.47
0.076 0.085 0.069 0.077 0.0046 10.03 89.97
0.214 0.22 0.247 0.227 0.0101 29.71 70.29
0.432 0.467 0.451 0.450 0.0101 58.90 41.10
0.768 0.737 0.725 0.743 0.0128 97.29 2.71
0.838 0.821 0.834 0.831 0.0051 100 0 54.79+ 0.89
0.017 0.018 0.019 0.018 0.0006 2.17 97.83
0.032 0.026 0.045 0.034 0.0056 4.13 95.87
0.068 0.085 0.077 0.077 0.0049 9.23 90.77
0.167 0.154 0.14 0.154 0.0078 18.49 81.51
0.376 0.398 0.381 0.385 0.0067 46.33 53.67
0.777 0.78 0.793 0.783 0.0049 94.26 5.74

SD: standard deviation, IC50: half-maximal inhibitory concentration.

https://doi.org/10.1371/journal.pone.0293115.t012

the in vitro study. This implies that the cancer cells were exposed to the extract for a longer
time, hence achieving an enhanced cell inhibition effect.

Our findings were consistent with those of a study conducted by Saengkrit et al. where the
anticancer effect of curcumin-loaded liposomes on HeLa and SiHa cervical cell lines was stud-
ied. The authors’ results demonstrated a more pronounced cytotoxic activity of the liposomal
curcumin formulations in both cells, in comparison to the free curcumin [57]. Moreover,
Arienti et al. developed liposomal cisplatin formulations (lipoplatin) and compared their anti-
cancer activity as well as safety profile to those of pure cisplatin against cell lines derived from
renal cell carcinoma, non-small cell lung cancer, and normal hematopoietic cell precursors
[58]. Their findings established a superior cytotoxicity of Lipoplatin in all tumor cell types and
significantly reduced toxicity in normal cells as compared to free cisplatin, supporting the use
of these delivery vehicles in cancer therapy.

4. Conclusions

In the present study, four Punica granatum extracts were found to possess varying concentra-
tions of flavonoids, phenolic compounds, and anthocyanins. They have all exhibited antioxi-
dant and anticancer activities, too. However, the ethanolic pericarps extract demonstrated
superior cytotoxic effects against MCT7 and HeLa cell lines and the second-best anticancer
activity against HCT116 cell lines, with IC50 values of 58.22 ug/mL, 56.62 pg/mL, and

94.79 pg/mL, respectively. It also had the highest levels of flavonoids and phenolic acids (1.2%
and 1.75%, respectively), as well as the second-highest levels of anthocyanins (99.97+0.17 mg/
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Fig 17. (a-c). Dose-dependent anticancer activity of the optimized formula F2 against a: MCF-7 cell lines, b: Hela cell
lines, and c: HCT116 cell lines.

https://doi.org/10.1371/journal.pone.0293115.9017

L) and the highest antioxidant activity (89.9%). As a result, the ethanolic pericarp extract was
selected to proceed with the formulation production.

Following that, this PE was successfully loaded into sphingosomes consisting of SM and
cholesterol. Different PE: lipids ratios were used to synthesize three sphingosomal formals by
the thin-film hydration method. The preparation procedure was optimized by employing 8mL
of chloroform and 2mL of methanol as solvents, 65° C and 100 rpm for solvent evaporation,
5mL of PBS as hydration medium, and two hrs as hydration time.

The selected candidate formula was F2, which was fabricated with 80.4mg of SM in a PE:
lipids ratio of 1:2. It was chosen for its favorable in vitro sustained release profile, highest in
vitro release (Q12) of 42.5+9.44%, and highest EE% of 71.64+0.74%. The F2 was also character-
ized by a suitable nanoparticle size of 131.5+4.91nm. Furthermore, the production of the
sphingosomes in F2 was validated by SEM, and their successful loading with PE was confirmed
by TEM size measurement. The FTIR analysis revealed that PE incorporation was the main
mechanism of the drug loading into the lipid vesicles. On the other hand, using the DDSolver
proved the best fit for the in vitro drug release data by the Weibull model. The shape parameter
(B) was <0.75, indicating that the phenolic compounds were released from the sphingosomes
following the Fickian diffusion mechanism. The simulated pharmacokinetic parameters inves-
tigated also portrayed F2 as the optimized formula. In addition, F2 exhibited a significant
(p<0.05) stronger and prolonged anticancer effect against MCF-7, HeLa, and HCT116 cells at
all concentrations tested compared to the free extract (EPE). Our research suggests that sphin-
gosomes may prove to be an effective drug delivery system, improving pharmacological effi-
cacy and reducing serious side effects of anticancer medications and natural products.
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